Orthogonal multi-carrier direct sequence code division multiple access (orthogonal MC DS-CDMA) is a combination of orthogonal frequency division multiplexing (OFDM) and time-domain spreading, while multi-carrier code division multiple access (MC-CDMA) is a combination of OFDM and frequency-domain spreading. In MC-CDMA, a good bit error rate (BER) performance can be achieved by using frequencydomain equalization (FDE), since the frequency diversity gain is obtained. On the other hand, the conventional orthogonal MC DS-CDMA fails to achieve any frequency diversity gain. In this paper, we propose a new orthogonal MC DS-CDMA that can obtain the frequency diversity gain by applying FDE. The conditional BER analysis is presented. The theoretical average BER performance in a frequency-selective Rayleigh fading channel is evaluated by the Monte-Carlo numerical computation method using the derived conditional BER and is confirmed by computer simulation of the orthogonal MC DS-CDMA signal transmission. key words: orthogonal MC DS-CDMA, frequency-domain equalization, frequency diversity gain
Introduction
High speed data transmission of over 100 Mbps is required for the next generation mobile communication systems. However, the mobile channel is characterized by frequencyselective fading channel, and therefore, the bit error rate (BER) performance significantly degrades due to severe inter-symbol interference [1] - [4] . To avoid the adverse effect of frequency-selective fading, much attention has been paid to the multi-carrier technique, known as multi-carrier code division multiple access (MC-CDMA) [5] - [8] . In MC-CDMA, frequency-domain spreading is combined with orthogonal frequency division multiplexing (OFDM). On the other hand, in direct sequence code division multiple access (DS-CDMA), time-domain spreading is used. Good BER performance can be achieved by using frequency-domain equalization (FDE) based on minimum mean square error (MMSE) criterion, since the frequency diversity gain can be obtained [9] , [10] .
Another CDMA technique is orthogonal multi-carrier direct sequence code division multiple access (orthogonal MC DS-CDMA) which is a combination of OFDM and time-domain spreading (this is called orthogonal MC DS-CDMA type-II in [5] ). In orthogonal MC DS-CDMA, DS-CDMA is applied to each OFDM subcarrier to trans- mit different data symbols using different subcarriers. All subcarriers for each user can be assigned the same userspecific spreading code. Orthogonal MC DS-CDMA cannot obtain the frequency diversity gain. Recently, variable spreading factor-orthogonal frequency and code division multiplexing (OFCDM) was proposed that uses both frequency-and time-domain spreading [11] , [12] . In OFCDM, time-domain spreading is prioritized rather than frequency-domain spreading. OFCDM using time-domain spreading only is equivalent to the conventional orthogonal MC DS-CDMA. In this paper, we propose a new orthogonal MC DS-CDMA which can obtain the frequency diversity gain through the use of FDE. Broadband wireless packet access will be the core technology for the next generation mobile communications systems. Hybrid automatic repeat request (HARQ) technique is an indispensable technique [13] . HARQ using incremental redundancy (IR) strategy is known to achieve the high throughput performance [14] . Since the proposed orthogonal MC DS-CDMA with FDE can obtain the frequency diversity gain without using the frequency-domain spreading, it can increase the throughput of HARQ with IR strategy. The remainder of this paper is organized as follows. Sect. 2 describes the transmission system model of the proposed orthogonal MC DS-CDMA with FDE. The conditional BER analysis is presented in Sect. 3. In Sect. 4, the theoretical average BER performance in a frequencyselective Rayleigh fading channel is numerically evaluated by Monte-Carlo numerical computation method using the derived conditional BER expression and is confirmed by computer simulation. The throughput performance improvement of HARQ with IR strategy is also discussed. Sect. 5 offers some conclusions.
Orthogonal MC DS-CDMA with FDE
In orthogonal MC DS-CDMA, all modulated subcarriers are orthogonal when observed over the chip period. However, if the observation interval is extended beyond the chip period, the spectrum of each DS-CDMA signal transmitted on different orthogonal subcarrier is spread (of course, its spectrum becomes null at different subcarrier frequencies). This can be exploited to get the frequency diversity gain although frequency-domain spreading is not used. We apply an 
Overall Transmission System
The transmitter/receiver structure of orthogonal MC DS-CDMA with FDE is illustrated in Fig. 1 . At the transmitter, a binary data sequence is transformed into a data modulated symbol sequence, which is spread by a user-specific spreading sequence {c(n); n = 0∼SF−1}. Then, N c -point IFFT is applied chip-by-chip to generate the orthogonal MC DS-CDMA signal with N c subcarriers. The last N g samples of an N f × N c -sample block (or N f OFDM symbols) is copied as a cyclic prefix and inserted into the guard interval (GI) to form a block of (N f × N c + N g ) samples. This is illustrated in Fig. 2 .
The orthogonal MC DS-CDMA block is transmitted Then, each subcarrier component is despread, followed by parallel/serial (P/S) conversion to obtain a sequence of decision variables for data demodulation. Below, the transmission of one block is considered. Throughout the paper, sample-spaced discrete time signal representation is used.
Transmit Signal Representation
The orthogonal MC DS-CDMA signal {s(t); t = 0∼ N f N c − 1} in one block interval can be expressed as
where E c and T c denote the chip energy and chip period, respectively, and {s(t, n); t = 0 ∼ N c −1} is the orthogonal MC DS-CDMA signal in the nth chip interval, given as
In Eq. (2), S (n, i) is the ith subcarrier component and is given by
where x denotes the largest integer smaller than or equal to x, d(m,i) is the mth symbol to be transmitted on the ith subcarrier, and c scr (i) is the scramble sequence (note that when N f < SF, data symbol to be transmitted on each subcarrier is spread over more-than-one orthogonal MC DS-CDMA blocks). After the insertion of the GI, the orthogonal MC DS-CDMA signal is transmitted.
Received Signal Representation
The fading channel is assumed to have sample-spaced L discrete paths, each subjected to independent block fading. The assumption of block fading means that the path gains stay constant over at least one block duration. The impulse response h(τ) of multipath channel can be expressed as
where h l and τ l are the complex-valued path gain and time delay of the lth path (l = 0 ∼ L − 1), respectively. In this paper, we assume exponential power delay profile with decay factor α as [2] 
The received MC DS-CDMA signal {r(t); t = 0 ∼ N f N c −1} after removing the GI can be expressed as
where η(t) is a zero-mean complex Gaussian process with variance 2N 0 /T c with N 0 being the single-sided power spectrum density of the additive white Gaussian noise (AWGN).
FDE
The kth frequency component R(k) can be written as
where S (k), H(k) and Π(k) are the kth frequency component of the transmitted MC DS-CDMA signal {s(t); t = 0 ∼ N f N c −1}, the channel gain, and the noise component due to the AWGN, respectively. They are given by
FDE is carried out aŝ
where w(k) is the MMSE equalization weight, given by [8] 
and
N f N c -point IFFT is applied to obtain the time-domain MC DS-CDMA signal {r(t);
Despreading and Data Demodulation
The time-domain MC DS-CDMA signal {r(t); t = 0 ∼ N f N c − 1} is divided into a sequence of N c -sample signal blocks. N c -point FFT is applied to decompose {r(t); t = 0 ∼ N c − 1} into N c subcarrier components {R(n, i); i = 0 ∼ N c − 1}. The ith subcarrier componentR(n, i) can be written as
where the first term is the desired ith subcarrier component, the second is the inter-subcarrier interference (ISI), and the third is the noise. Φ(k, i) is defined as
As an example, Φ(k, i = 30) for N c = 64, N f = 2 and i = 30 is plotted in Fig. 3 . Despreading is carried out onR(n, i), to obtaiñ
Note that when N f < SF, despreading is carried out over more-than-one orthogonal MC DS-CDMA blocks. 
d(m, i) is the decision variable for data demodulation on d(m,i), wherē
In principle, the above described FDE process of DS-CDMA signal transmitted on a certain subcarrier is similar to the FDE process for single-carrier (SC) transmission [15] or single-carrier DS-CDMA [9] . However, it should be noted that since the received orthogonal MC DS-CDMA signal using N c orthogonal subcarriers is decomposed by N f × N c -point FFT into more-than-N c frequency components, the inter-subcarrier interference is produced, thereby producing the ISI.
BER Analysis
Quateranary phase shift keying (QPSK) data modulation is assumed. The conditional BER is derived for the given {H(k); k = 0∼N f N c −1}. Since μ IS I (m, i) is the sum of many interference components, μ IS I (m, i) can be approximated, according to the central limit theorem [16] , as a zeromean complex Gaussian variable. Therefore, the sum of μ IS I (m, i) and μ noise (m, i) can be treated as a zero-mean complex Gaussian variable μ(m, i). 
The conditional signal-to-interference plus noise power ra-
where E s (=E c · S F) is the data symbol energy. The conditional BER for QPSK modulation is given by [2] 
where Table 1 summarizes the numerical and simulation conditions. The fading channel is assumed to be a frequencyselective block Rayleigh fading channel having a samplespaced L = 16-path exponential power delay profile with decay factor α. Ideal channel estimation is assumed. If a 100 MHz bandwidth (i.e., a chip rate of 1.56 Mcps for each subcarrier) in the 5 GHz band is assumed as in [17] , the GI length and the root-mean-square (RMS) delay spread τ rms are respectively given by 0.16 μs and τ rms ≈ 0.046 μs when α = 0 dB. Figure 4 plots the BER performance of orthogonal MC DS-CDMA using FDE with the block size N f as a parameter. A fairly good agreement between the theoretical and simulated results is seen. The BER performance is improved by increasing N f because the frequency diversity gain increases. However, additional performance improvement cannot be seen when N f ≥ 4. The reason for this is discussed below. The equivalent channel gainH(i) after FDE and despreading, given by Eq. (16) , is a weighted sum ofĤ(k) s. Figure 5 plots one shot example ofĤ(k) and Φ 2 (k, i = 30) with N f = 2 and 4 for the case of N c = 64 and α = 0 dB. Φ 2 (k, i = 30) has its peak of 1 at k = i × N f and decays rapidly when k i × N f (when N f = 2, the subcarrier i = 30 corresponds to the frequency k = 60 for FDE). Figure 5 suggests that when N f = 2 (4), the 3rd (7th)-order frequency diversity is achieved. But, the diversity gain depends on the fading correlation ρ between the adjacent frequencies k and k + 1. ρ is given, from Eq. (5) as [2] 
Numerical Computation and Computer Simulation

Numerical and Simulation Conditions
Single-Code Case (C = 1)
As N f increases, ρ increases for the given values of N c and α. This offsets the diversity gain increase obtainable by the increase of the diversity order. Figure 6 plots the BER performance with the decay factor α as a parameter. A fairly good agreement between the theoretical and simulated results is seen. The BER performance degrades as α increases. This performance degradation is due to the increase of ρ as α increases as shown in Figure 8 shows the BER performance with SF as a parameter. The BER performance improves by increasing SF, since the residual ISI can be sufficiently suppressed. Our theoretical analysis is based on the Gaussian approximation of the ISI (see Sect. 3). The deviation of the theoretical performance from the simulation result is due to the fact that the ISI cannot be well approximated by the Gaussian distribution when SF = 4.
Multi-Code Case
So far we have considered the single-code orthogonal MC DS-CDMA. Orthogonal code multiplexing can be used to increase the transmission data rate. Figure 9 plots the BER performance with the code-multiplexing order C as a parameter when SF = 64. Similar to Sect. 3, we have derived the received SINR expression for the multi-code case. The SINR is given by (its derivation is omitted for the sake of brevity) 
from which the theoretical BER performance was evaluated. A fairly good agreement between the theoretical and simulated results is seen. As C increases, the BER performance degrades and approaches that of the conventional orthogonal MC DS-CDMA (N f = 1). In our orthogonal MC DS-CDMA, the frequency-nonselective channel cannot be perfectly restored by using MMSE-FDE and therefore, the ISI is produced as shown in Eq. (15) . As a consequence, as C increases, the BER performance degrades. However, even for C = 64 (full code-multiplexing), the BER performance is still better than the conventional orthogonal MC DS-CDMA as seen from Fig. 9 (note that the BER performance of the conventional orthogonal MC DS-CDMA is the same for all C). 
Throughput Performance of HARQ Using IR Strategy
So far, we have assumed the uncoded case and evaluated the BER performance of orthogonal MC DS-CDMA with FDE. However, in practical systems, some form of error control technique is indispensable. Here, we consider HARQ using IR strategy, which transmits uncoded packet at initial transmission and then, parity check packet is transmitted if retransmission is requested. As the number of retransmissions increase, the error correction capability gets stronger. Since the initial packet transmission is uncoded, no coding gain can be expected. Orthogonal MC DS-CDMA using FDE can achieve the frequency diversity gain even without channel coding and can improve the throughput performance of HARQ using IR strategy. We consider the turbo-coded HARQ type-II with S-P2 [14] as an example of HARQ using IR strategy. When 100 MHz bandwidth (i.e., a chip rate of 1.56 Mcps and N c = 64 subcarriers), the maximum throughput reaches about 177 Mbps (1.77 bps/Hz) with N f = 2 for the full code-multiplexing (SF = C). Figure 10 plots the throughput performance for the full code-multiplexing case (SF = C = 64). It is seen from Fig. 10 that the orthogonal MC DS-CDMA with FDE can achieve a better throughput performance than the conventional orthogonal MC DS-CDMA. The throughput improvement is due to the frequency-diversity gain and the reduction of GI insertion rate (the GI insertion rate is halved for N f = 2).
Conclusion
In this paper, we proposed the technique of orthogonal MC DS-CDMA with FDE, which can obtain the frequency diversity gain and hence can improve the BER performance.
The average BER analysis of the proposed orthogonal MC DS-CDMA in a frequency-selective Rayleigh fading channel was presented and was confirmed by computer simulation. It was shown that the proposed orthogonal MC DS-CDMA provides better BER performance than the conventional orthogonal MC DS-CDMA even for the full codemultiplexing case.
In this paper, we proposed orthogonal MC DS-CDMA using FDE to get the frequency diversity gain. Another way to get the frequency diversity (or the path diversity) gain is to apply the well-known rake combining on each subcarrier [18] . The achievable transmission performance depends on the modulation bandwidth of each subcarrier. The performance comparison between using FDE and rake combining is lest as an interesting future study.
